Pulsed high-voltage glow discharge, a process that falls between conventional plasma ion implantation and plasma nitriding, is a potentially effective surface treatment technique. The electrical characteristics and initiation dynamics of the process are experimentally investigated in this work. The discharge behaviour is found to depend on the applied voltage, gas pressure, pulse duration, and pulsing frequency. The voltage-current characteristics basically obey the collisionless Child-Langmuir relationship, and the discharge current varies substantially with the applied voltage and gas pressure in the high-voltage, high-pressure domain. The seed plasma before each glow discharge pulse affects the initiation mechanism regardless of whether it is sustained by an external plasma source or it is simply the residual plasma of the afterglow after the voltage pulse has been turned off. Our results also disclose that the presence of an initial plasma before the glow discharge is ignited has a large impact on the initiation time of the glow discharge but has only a slight effect on the steady-state current.
Introduction
Plasma immersion ion implantation (PIII) in a pulsed highvoltage operation mode has emerged as an effective surface modification technique [1] [2] [3] [4] [5] . One of its advantages is the ability to treat irregularly-shaped components without the need for complex target manipulation as in conventional ionbeam ion implantation. In PIII, ions are implanted beneath the surface of the objects utilizing a high voltage applied to the objects at a low pressure as opposed to the low-voltage, high-pressure conditions employed in conventional pulsed discharges. The low pressure ensures that ions undergo no collisions and reach the sample surface without energy loss. However, the process must rely on one or more external plasma sources to provide the required plasma as it is very difficult to maintain a glow discharge at low pressure.
Modulated power discharges, also called pulsed discharges, have advantages over continuous glow in many applications. For instance, it has been found that the discharge 1 Author to whom correspondence should be addressed. chemistry or properties of the deposited films can be altered, and the processing rate can be maintained despite the lower average power. Moreover, the process reduces dust particle formation, trench notching, as well as charging damage. Some of these advantages can be attributed to how the plasma is turned on and off [6] . The process is typically carried out under low-voltage, high-pressure conditions, and so it can be characterized as a hybrid process incorporating low-energy ion bombardment and ion sputtering. The surface adsorption and chemical reaction take place only on the surface or within a thickness of several atomic layers.
Between the low-voltage ( several kV)/high-pressure (ten to thousands of Pa) conditions used in conventional plasma nitriding [7, 8] and the high-voltage (up to 100 kV)/lowpressure (∼10 −2 Pa) conditions used in PIII [1-5, 9, 10] , there exists a medium-voltage (tens of kV)/medium-pressure (0.1 to several Pa) process window to conduct pulsed high-voltage glow discharge treatment. In this process, the plasma is sustained by the glow discharge when a voltage is applied to the objects. In this work, we conduct experiments on a pulsed voltage glow discharge. One of the main advantages offered by this process is the ability to treat/implant a large sample or a large number of small samples in a fast and effective manner without external plasma sources. The process differs from conventional plasma nitriding or plasma immersion ion implantation (PIII) in the nitrogen transport mechanism and plasma generation method. This technique enables faster implantation of parts possessing irregular geometries on account of the smaller plasma sheath thereby resulting in more conformal implantation. However, although previously proposed to be a useful surface modification method [11] [12] [13] [14] [15] , this technique has not been investigated in detail or systematically. In particular, there have been few studies on the mechanism such as the glow discharge dynamics that are critical in gaining an understanding of the process. In this paper, we report our systematic experimental investigation on the dynamic process of pulsed high-voltage glow discharge under the medium-voltage/medium-pressure conditions.
Experimental details
The experiments were conducted in the PIII equipment in the Plasma Laboratory of the City University of Hong Kong [16] , and the schematic of the instrument is shown in figure 1 . The copper target platen is 140 mm in diameter and 25 mm thick, and supported by a 140 mm tall ceramic holder. The vacuum chamber is 1000 mm in diameter and 1200 mm in height. Four sets of filaments used to generate the seed plasmas are positioned symmetrically at the upper part of the vacuum chamber. An inductively-coupled radio-frequency plasma source is also present on the top of the vacuum chamber as an alternative seed plasma generation device. During the experiments, a hard-tube-based pulse modulator was used to produce a square voltage pulse with a rise-time of less than 2.5 µs. The chamber gas pressure was varied between 0.09 Pa and 2.0 Pa, and hydrogen and nitrogen were chosen since they are frequently used in semiconductors and metals processing. The discharge voltage-current transient characteristics were recorded using a capacitance divider (Pearson model 305A), Rogowski coil (Pearson model 110), and a digital oscilloscope (Tektronix TDS360).
Results
During the pulsed high-voltage glow discharge process, parameters such as the applied voltage, gas pressure, pulsing frequency, and pulse duration have appreciable impacts on the behaviour. The evolution of the current versus time depicted in figure 2 shows the initial ignition stage of the glow discharge as voltage is applied to the sample and the ensuing steady-current stage. The high initial current, namely the displacement current, is not a conduction current and is induced by the capacitance effects of the PIII hardware. The magnitude is quite large, particularly under high-voltage and short rise-time conditions. At the initial time stage, there is no plasma in the chamber and no contribution to the initial current. In our experiments, the displacement current is generally 2.5 times the effective current [17] . After a time delay, the current gradually attains a constant value corresponding to the applied voltage. As shown in figure 2 , the higher the applied voltage, the shorter the delay time to reach the steady-state discharge current. With increasing voltage, the steady-state current goes up. As we will discuss in the subsequent sections, the timedependent characteristics of pulsed glow discharge also change with other experimental parameters.
Dependence on gas pressure
As shown in figure 3, the gas pressure has a large influence on the glow discharge process. Once the glow discharge is initiated, the discharge current increases with the gas pressure. At the lower pressure limit of the discharge initiation, the steady-state discharge current shows a more abrupt change. As shown in figure 3(a), the discharge current abruptly jumps to 0.3 A for 20 kV hydrogen once the pressure rises beyond 0.35 Pa without undergoing a gradual increase. Based on our results, at a pressure of 0.4 Pa, an applied voltage of 10 kV with duration of 40 µs is sufficient to ignite the hydrogen plasma, but 15 kV and 60 µs is required for nitrogen. Thus, a hydrogen plasma is easier to ignite compared to a nitrogen plasma.
Dependence on discharge voltage
As illustrated in figure 4 , the discharge current increases with the applied voltage. The discharge behaviour is very sensitive to voltage variation especially at high voltage. The voltagecurrent behaviour is also influenced by the pressure and gas species. For hydrogen, the rates that the pressure affects the current are calculated to be 1.1 A Pa −1 and 2.8 A Pa −1 for 15 kV and 25 kV applied voltage, respectively. In comparison, the rate for nitrogen is 0.8 A Pa −1 at 15 kV ( figure 3(b) ).
Dependence on pulsing frequency
The influence of the pulsing frequency on the discharge behaviour is not as significant. With increasing pulsing frequency, the steady-state current rises while the minimum pulse duration (t i ) needed to ignite the discharge and the minimum pulse duration (t s ) to sustain the glow discharge once ignited become smaller (figure 5). It should be mentioned that t i > t s since the number of excited particles including ions or free electrons is small and the time to ignite the discharge is long (large t i ). In contrast, once the discharge has been ignited, a small pulse is sufficient to sustain it with the assistance of the existing excited particles. Therefore, a higher frequency may increase the ionization efficiency leading to a higher plasma density and consequently higher current [15] . Our observation is consistent with previous reports that the voltage to ignite the glow discharge decreases with increasing frequency in the pulsed low-voltage glow discharge mode such as that used in conventional plasma nitriding [18] .
Effects of the voltage and pressure in the transient region (ignition zone)
The initiation dynamics vary significantly with the voltage, gas pressure, and pulse duration. For a small pulse duration, the ignition voltage (defined to be the voltage when the PIII current exceeds 50 mA) of the glow discharge is very high as shown in figure 6(a) . When the pulse duration is increased, the voltage decreases precipitously, especially at low pressure. It thus appears that a low voltage is sufficient to ignite the glow discharge if the pulse duration is long. Figure 6 (a) is indicative of the ignition limit of the glow discharge process, and glow discharge will commence for conditions 'above' the curves. Figure 6 (b) shows the discharge zone at a voltage of 15 kV. When the gas pressure is low, the pulse duration required to initiate the discharge increases.
Our results indicate that the pulse duration required to initiate the glow discharge decreases with higher voltage or pressure. This behaviour/information is very useful in practical Relationship between the minimum pulse duration needed to ignite the glow discharge or minimum pulse duration needed to sustain the discharge once ignited and the pulsing frequency for 0.57 Pa hydrogen gas.
• and • represent the igniting pulse or sustaining pulse for a 10 kV discharge, respectively, whereas and represent the igniting pulse or sustaining pulse for a 20 kV discharge, respectively. PIII processes. For instance, the glow discharge may take place during PIII (for example, at 95 µs pulse duration and 0.2 Pa pressure), and if this happens, the extra ions provided by glow discharge will be implanted. Consequently, the effective plasma density will probably increase contributing to a higher incident ion flux and rapid formation of the steady-state ChildLangmuir sheath. It is also worth mentioning that, at low pressure, the glow discharge process seemingly cannot sustain itself and must be maintained by a primary plasma produced by an external plasma source. Thus, it will extinguish when the implantation voltage is turned off. Consequently, glow discharge may be difficult to observe in PIII experiments [19] even if it does exist.
Effects of seed plasmas
Hot filament glow discharge and RF plasma sources were used to investigate the effects of the primary seed plasma on pulsed glow discharge. The experimental results shown in figure 7 are not as expected. The seed electrons do not influence the glow discharge behaviour significantly. As shown in figure 7(a) , the time-dependent current is almost constant whether or not hot filaments are used to produce free electrons when the filament current is less than 20 A. Even when a dc voltage is applied between the filaments and vacuum chamber wall to generate a glow discharge, the current waveform hardly changes. In contrast, when the primary plasma is produced by an RF plasma source (50 W), there is no initial rise in the current waveform indicating early formation of the cathodic current ( figure 7(b) ). The steady-state current is similar to that without RF. The initial current can probably be attributed to the primary plasma and plasma-assisted ionization. Based on our findings, it is believed that there exists a density threshold beyond which electrons emitted by hot filaments or plasmas produced by RF source will accentuate the glow discharge.
Discussion
Pulsed high-voltage glow discharge can be initiated under certain conditions, and the applied voltage, gas pressure, pulse duration, and pulsing frequency have a large effect on the voltage-current behaviour. During dc glow discharge, the current density can be described by the space-charge-limited current law. Under the conditions of collisionless motion (unmagnetized ions and low gas pressure), the collisionless Child-Langmuir law can be used to describe the flow of ions [20] [21] [22] :
where J is the cathodic current density, q is the ionic charge, M is the ionic mass, ε 0 is the permittivity of free space, V c is the cathode sheath voltage, and L is the cathodic fall length. In the case of mobility-limited motion, the current obeys the mobility-limited version of the Child-Langmuir equation:
Although collisions occur during the ion motion towards the cathode, the collisionless Child-Langmuir law seems to be more suitable in describing our cases according to the experimental results and previous results [20, 21] . According to equation (1), the current increases potentially with the applied voltage, since J ∝ V 3/2 . This is also indicated by the experiments of Matossian and Wei [15] in which they obtained a very large current of 150 A at a high pulsed voltage of 100 kV. However, the numerically fitted curves shown in figure 4 indicate that J ∝ V n where n 2, and it seems to contradict equation (1) . In fact, the cathodic fall length L depends very much on the discharge voltage, and L decreases with increasing voltage corresponding to L ∝ V −(0.3-0.4) [23] . Although the relationship in [23] was obtained under different conditions, for example at lower voltage, higher pressure, or for a different gas species, the trend could be similar, thereby supporting our observed relationships shown in figure 4 . The cathodic fall length L is thus affected by not only the discharge voltage but also the gas pressure. As demonstrated previously [21] , if the discharge voltage is held constant, the pressure-dark space thickness product is nearly constant for a dc discharge. Therefore, when the pressure increases, the thickness of the dark space becomes thinner. Consequently, the collected current at the cathode is higher. For example, as shown in figure 3(b) , when the pressure rises from 0.48 Pa to 1.8 Pa, the discharge current obeys the relationship J ∝ 1/L 2 ∝ P 2 for nitrogen. The initial dynamics of the glow discharge are related to the pulsing frequency, pulse voltage, and pressure. In fact, it very much depends on the density of the primary plasma just before each discharge pulse. As previously reported, [24, 25] the electron density is proportional to the discharge current, and the decay of the N + 2 density after the glow discharge can be described by [25] 
where t represents the time variable (t = 0 at the discharge cut-off), n e0 stands for the electron density at t = 0, and α is the recombination coefficient. The electron density thus decreases potentially with time. For a pressure condition of several Torr, the decay of the electrons requires a duration of several milliseconds [25] . Therefore, it is recommended that the post-discharge time during pulsed glow discharge must not exceed several milliseconds in order to limit the cooling of the neutral gas and to facilitate the discharge after the plasma has been turned off. A high voltage or high pressure may give rise to a high discharge current, and the electron density and residual electron concentration are high in the chamber. Thus, high frequency, high pressure, or high voltage naturally lead to a short delay time of glow discharge initiation. Our observation is in line with the results of Dhali and Low [26] . It may also be one of the reasons why a high frequency leads to a different discharge current reported in [15] , in which it was thought to be related to the variation of the ionization mechanism of the secondary electrons at different pulsing frequencies. The external plasma sources seem to have a similar effect on the dynamics of the glow discharge during the afterglow. When there are seed plasmas, the discharge rapidly builds up as indicated in figure 7 . These characteristics seem to be related to the plasma density and location although it is difficult to draw an unequivocal conclusion at this moment. Nevertheless, the plasmas near the anode, as in the case of hot filaments, have a smaller effect on the discharge than those near the cathode like the RF plasma sources. The free electrons emitted by the hot filaments have to stay near the chamber wall (anode) and far way from the target due to the dc bias. Consequently, the electrons have very little chance to collide with neutrals and contribute less to the gas ionization. However, it is not true in an RF plasma. As for the steady-state current, it is hardly influenced by the preliminary plasmas indicating that there is very little contribution to bulk ionization.
Conclusions
The characteristics of pulsed voltage glow discharge are experimentally investigated. Our results show that the dynamics of this type of glow discharge depend considerably on the applied voltage, gas pressure, pulsing frequency, and pulse duration. The voltage-current behaviour of the discharge obeys basically the collisionless Child-Langmuir law. Consequently, the discharge current changes significantly with the applied voltage and pressure in the high-voltage, higher-pressure regime. The primary plasmas before each pulse determine the initiation behaviour.
The plasmas produced by external sources change the initiation dynamics but have a small effect on the steady glow discharge. Even though pulsed high-voltage glow discharge has not been investigated extensively both theoretically and experimentally, its potential as a surface modification tool is expected to be quite far reaching since the process features a small plasma sheath and does not require external plasma sources, compared to conventional PIII nitriding. and #9040498 or CityU 1032/00E. The authors also thank D T K Kwok, X C Zeng, and Y X Leng for valuable discussions.
